Abstract Replication origin licensing builds a fundamental basis for DNA replication in all eukaryotes. This occurs during the late M to early G1 phases in which chromatin is licensed by loading of the MCM2-7 complex, an essential component of the replicative helicase. In the following S phase, only a minor fraction of chromatinbound MCM2-7 complexes are activated to unwind the DNA. Therefore, it is proposed that the vast majority of MCM2-7 complexes license dormant origins that can be used as backups. Consistent with this idea, it has been repeatedly demonstrated that a reduction (*60%) in chromatin-bound MCM2-7 complexes has little effect on the density of active origins. In this study, however, we describe the first exception to this observation. A reduction of licensed origins due to Mcm4 chaos3 homozygosity reduces active origin density in primary embryonic fibroblasts (MEFs) in a C57BL/6J (B6) background. We found that this is associated with an intrinsically lower level of active origins in this background compared to others. B6 Mcm4 chaos3/chaos3 cells proliferate slowly due to p53-dependent upregulation of p21. In fact, the development of B6 Mcm4 chaos3/chaos3 mice is impaired and a significant fraction of them die at birth. While inactivation of p53 restores proliferation in B6 Mcm4 chaos3/chaos3 MEFs, it paradoxically does not rescue animal lethality. These findings indicate that a reduction of licensed origins may cause a more profound effect on cell types with lower densities of active origins. Moreover, p53 is required for the development of mice that suffer from intrinsic replication stress.
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Introduction
Replication origin licensing is a prerequisite for eukaryotic DNA replication. Between the late M and early G1 phases, replication origins are licensed by the chromatin loading of heterohexamers of the minichromosome maintenance proteins (MCM2-7), essential components of the prereplication complex (reviewed in Lei 2005; Sclafani et al. 2002) . In the following S phase, licensed origins fire when MCM2-7 complexes form active replicative helicases along with cofactors CDC45 and GINS (Ilves et al. 2010; Moyer et al. 2006) . During S phase, DNA synthesis occurs exclusively from these licensed origins. After origins fire, the departure of active MCM2-7 complexes from oncefired origins and the displacement of inactive MCM2-7 complexes from replicated DNA return chromatin to the unlicensed state (Todorov et al. 1995; Yan et al. 1993) . The expression of geminin, a licensing inhibitor, also prohibits relicensing of once-fired origins during S phase (McGarry and Kirschner 1998; Wohlschlegel et al. 2000) . Therefore, origin licensing primes origins for replication only prior to S-phase entry, thereby preventing re-replication of DNA.
Deregulation of origin licensing is closely linked with cancer development (Blow and Gillespie 2008; Ha et al. 2004; Ishimi et al. 2003) . Upregulation of the MCM2-7 proteins has been especially investigated as a cancer marker (Lei 2005) . However, this probably occurs at a later stage of cancer, as inactivation of p53 increases MCM2-7 expression (Scian et al. 2008) . Previously, our studies as well as others have shown that a reduced level of licensed origins causes spontaneous tumors in mice, suggesting a causative role of deregulated origin licensing in cancer development (Chuang et al. 2010; Kunnev et al. 2010; Pruitt et al. 2007; Shima et al. 2007 ). As only a minor fraction of licensed origins are used in unperturbed S phase, it has been demonstrated that a reduction of licensed origins has little effect on the density of active origins (Ge et al. 2007; Ibarra et al. 2008; Kunnev et al. 2010 ). Rather, it seems only to result in a reduction in the number of dormant origins (Ge et al. 2007; Ibarra et al. 2008; Woodward et al. 2006) . Dormant origins are defined as those that remain mostly unused in unperturbed S phase but can be activated to survive perturbed S phase, possibly to compensate for slow fork progression (Ge et al. 2007; Woodward et al. 2006 ). However, our study using Mcm4 chaos3 mice revealed that such dormant origins also play a critical role in rescuing stalled replication forks in unperturbed S phase (Kawabata et al. 2011) . Therefore, we concluded that this reduction in the number of dormant origins results in the accumulation of stalled forks, leading to intrinsic replication stress and spontaneous tumorigenesis. Taken together, we propose that dormant origins exist in such vast excess because of their role in the rescue of stalled forks in unperturbed S phase.
Mcm4 is an essential gene that encodes a component of the MCM2-7 complex. We have previously shown that homozygosity for a Mcm4 null allele (Mcm4 Gt(RRE056)Byg , hereafter Mcm4 -for the sake of simplicity) causes early embryonic lethality before implantation (Shima et al. 2007 ). Mcm4 chaos3 was originally isolated from a mouse mutagenesis screen, causing only a single amino acid change (Phe345Ile). Therefore, Mcm4 chaos3 homozygous mice are viable (Shima et al. 2007 -/-embryos but their survival is greatly affected by their genetic background (Shima et al. 2007) . While Mcm4 chaos3/-embryos in a C57BL/6J (B6) background die around midgestation, those in a mixed background between B6 and C3HeB/FeJ (C3H) are viable for a few days after birth (Shima et al. 2007 ). Therefore, the development of Mcm4 chaos3/-embryos is severely impaired in the B6 background. However, the underlying mechanism for this phenomenon has not been investigated.
In this study we report that the viability of Mcm4 chaos3/ chaos3 mice is also reduced in the B6 background. By comparative analyses of B6, C3H, and their F1 embryonic fibroblasts for DNA replication kinetics and cell proliferation, we found that this reduced viability can most likely be attributed to an intrinsically lower level of active replication origins in B6 cells. Unlike other genetic backgrounds, a reduced number of dormant origins due to Mcm4 chaos3 homozygosity substantially lowered the levels of active origins in the B6 background, causing upregulation of p21 WAF1/Cip1 , a CDK inhibitor (Xiong et al. 1993 ), in a p53-dependent manner. This study also describes a complex interaction between Trp53 and Mcm4, suggesting that normal p53 function is required to support viability and tumor suppression in mice that suffer from intrinsic replication stress. Moreover, our data suggest the interesting possibility that fundamental DNA replication kinetics, such as active origin density, may be genetically controlled.
Materials and methods

Animals
Trp53 mice (B6.129S2-Trp53 tm1Tyj /J) and p21 mice (B6;129S2-Cdkn1a tm1Tyj /J) were purchased from the Jackson Laboratory. Mcm4 chaos3 was introduced into the C57BL/6J and C3HeB/FeJ backgrounds by backcrossing 7 times (N8). F1 mice were produced by intercrossing the B6 and C3H Mcm4 chaos3 lines. All mice were genotyped by PCR on tail DNA. Primer sequences are available upon request. All experiments involving mice were approved by the Institutional Animal Care and Use Committee (IACUC).
Generation of MEFs
MEFs were obtained from 12.5-14.5-dpc embryos using a standard procedure described previously and cultured in standard conditions (Shima et al. 2007) . A homogenized embryo was plated onto a 10-cm dish (p0), replated onto a 15-cm dish (p1), and frozen in three vials. For experiments, one vial was thawed and the cells were cultured on a 10-cm dish for a few days (p2). The resulting 6-9 9 10 6 cells (p3) were then replated for experimental use.
Antibodies
We used Abcam anti-MCM antibodies (ab3159, ab4460, ab4459, ab17967, ab4458, and ab2360 for MCM2, MCM3, MCM4, MCM5, MCM6, and MCM7, respectively), anti-CDC45 (Abcam; ab56476), anti-Pold (Abcam; ab10362), anti-pan actin (Thermo Scientific; MS-1295-P1ABX), anti-p21 (BD Pharmingen; 556431), anti-phospho-p53, anti-phospho-RAD17, anti-cH2AX, anti-RPA32, antiphospho-CHK1 (Cell Signaling; #9284, #3421, #2577, #2208, and #2341, respectively), and anti-RAD51 (Calbiochem; PC130).
Western blot
Cell extracts were harvested with Laemmli's sample buffer, run on a 8 or 12% SDS-polyacrylamide gel, and transferred to polyvinylidene membrane. Membranes were incubated with primary antibodies, followed by incubation with the appropriate secondary antibodies. Proteins were visualized using the Immobilon Western Chemiluminescent HRP substrate (Millipore; WBKLS0500). Cell fractionation was performed using the Qproteome Nuclear Protein Kit (Qiagen).
DNA fiber
We used the DNA fiber protocol described by Sugimura et al. (2007) . Cells were sequentially labeled with modified dUTPs for DNA fiber analysis. Cells were first cultured in the presence of digoxigenin-dUTPs for 20 min to label ongoing forks red. After washing with PBS, cells were then cultured in the presence of biotin-dUTPs for 30 min. To allow efficient incorporation of the dUTPs, a treatment with hypotonic buffer (10 mM HEPES and 30 mM KCl, pH 7.4) preceded each dUTP labeling. To visualize the labeled DNA fibers, cells were mixed with a tenfold excess of unlabeled cells, fixed, and dropped onto slides. After cell lysis, the DNA fibers were released and extended by tilting the slides. Incorporated dUTPs were visualized by immunofluorescent detection using anti-digoxigenin-Rhodamine (Roche) and streptavidin-Alexa-Fluor-488 (Invitrogen).
Images were captured using the Axio Imager A1 microscope (Zeiss). The average origin-to-origin distances as well as fork velocities were analyzed by t-test between wild-type and Mcm4 chaos3/chaos3 cells.
Cell cycle analysis
A modified version of the Click-iT TM Assay (Invitrogen) was used for cell cycle analysis (Hamelik and Krishan 2009) . This modified assay uses a hypotonic lysis solution to isolate individual nuclei, thereby avoiding unnecessary fixation and permeabilization steps. Cells were cultured for 2 days and then treated with a dose of 20 lM 5-ethynyl-2 0 -deoxyuridine (EdU) for 45 min to label replicating cells. Cells were then harvested via trypsinization and incubated with Nonidet P-40 solution, vortexed, and washed with 1% BSA in PBS. Then, the normal protocol for the Click-iT reaction to detect EdU incorporation was followed. Finally, cells were treated with RNase A (200 lg/ml) and stained with propidium iodide (4 lg/ml) prior to analysis by flow cytometry. The FACSCalibur TM cytometer (BD Biosciences) was used to collect all data and to specifically gate the diploid population. The FL2 and FL4 channels were used to observe DNA content and EdU incorporation, respectively.
Immunofluorescence microscopy
To observe discrete foci of RPA32 and phospho-RAD17, and chromatin-bound MCM2 cells were pretreated with 0.5% Triton X-100 in PBS for 1 min before fixation with paraformaldehyde (PFA) for 15 min. After permeabilization in 0.1% Triton X-100 in PBS for 15 min, cells were subjected to treatment with the Image-iT signal enhancer (Invitrogen) before being incubated with primary antibodies. Staining with the appropriate secondary antibodies and fluorescence microscopy (Zeiss) were used to visualize staining. All procedures were performed at room temperature.
Results
Viability of Mcm4
chaos3/chaos3 mice is significantly decreased in a C57BL/6J background We have generated a B6 Mcm4 chaos3 line (N8) in which more than 99% of the genome is of B6 origin. In the process of breeding, we found that a fraction of B6 Mcm4 chaos3/chaos3 pups die a few days after birth. Among 48 offspring generated from Mcm4 chaos3/? intercrosses, only 3 Mcm4 chaos3/chaos3 mice were alive at weaning age, significantly fewer than the expected number of 12 (Fig. 1a, b) . We also found that B6 Mcm4 chaos3/chaos3 mice were prone to microphthalmia (Fig. 1c) , which was observed at a higher rate (18%) than wild-type B6 mice (3.2%) (Houghtaling et al. 2003; Kalter 1968) . As retina size is determined primarily by cell number (Green et al. 2003) , these findings suggest that the rate of cell proliferation is significantly reduced in B6 Mcm4 chaos3/chaos3 embryos. In fact, B6 Mcm4 chaos3/chaos3 embryonic fibroblasts (MEFs) ceased to proliferate earlier in vitro compared to wild-type cells (Fig. 1d ). Although this reduced rate of cell proliferation is likely to contribute to the semilethality of B6 Mcm4 chaos3/chaos3 pups, the direct cause of death remains to be determined.
The density of active origins is significantly decreased in Mcm4 chaos3/chaos3 MEFs in the B6 background, in which active origin density is intrinsically lower
We have shown that Mcm4 chaos3 homozygosity decreases the amount of the MCM2-7 proteins (Shima et al. 2007 ), leading to a reduced number of dormant origins (Kawabata et al. 2011) . It has been previously reported that a reduction of licensed origins has little effect on the density of active origins (Ge et al. 2007; Ibarra et al. 2008; Kunnev et al. 2010) . Indeed, we also reported no significant difference in the average density of active origins between wild-type and Mcm4 chaos3/chaos3 cells in the F1 background (Kawabata et al. 2011 ). However, the smaller size of B6 Mcm4 chaos3/chaos3 embryos and their reduced level of cell proliferation prompted us to investigate a potential strain difference in DNA replication kinetics in response to a reduction of licensed origins using the DNA fiber technique (Sugimura et al. 2007) . In this method, newly synthesized DNA is sequentially labeled with two kinds of modified nucleotides, which are detected on stretched DNA fibers using immunofluorescence (Fig. 2a) . Surprisingly, we found that B6 Mcm4 chaos3/chaos3 cells had a significantly larger origin-to-origin (ori-to-ori) distance (156 ± 14 kb) than wild-type cells (112 ± 5.0 kb) ( Fig. 2b, left ; also see Supplementary Fig. 1 ), indicating a decreased density of active origins. However, C3H Mcm4 chaos3/chaos3 cells showed no difference from wildtype cells of the same background, much like data obtained previously in the F1 background ( Fig. 2b, left ; also see Kawabata et al. 2011) . These data suggest that upon a reduction in the number of licensed origins, a decreased density of active origins occurs uniquely in the B6 background. As described elsewhere (Kawabata et al. 2011) , we also repeatedly found that Mcm4 chaos3/chaos3 cells have a faster fork velocity compared to wild-type cells regardless of genetic background (Fig. 2b, right) . We think that this faster fork velocity could be attributed to the biochemical properties of the mutant helicase, whose activity is somewhat more efficient than the wild-type helicase (Kawabata et al. 2011) . It should also be noted that the average orito-ori distance in B6 wild-type cells (112 ± 5.0 kb) was significantly larger than that of C3H or F1 wild-type cells (95.0 ± 5.0 and 49.1 ± 2.6 kb, respectively), suggesting that B6 cells have a lower level of active origins than C3H and F1 cells. Moreover, the average fork velocity in wildtype B6 cells (1.7 ± 0.05 kb/min) was more than twice as fast as that in wild-type C3H and F1 cells (0.84 ± 0.02 and 0.61 ± 0.01 kb/min, respectively) (Fig. 2b, right) . These data collectively suggest that the fundamental kinetics of DNA replication, such as origin density and fork velocity, may be under the control of genetic factors. (Chuang et al. 2010; Kawabata et al. 2011; Shima et al. 2007 ). Semiquantitative analysis allowed us to estimate that *60% of all chromatin-bound MCM2-7 proteins are lost in B6 Mcm4 chaos3/chaos3 cells (Fig. 3, left) . This reduction rate was very similar to that was found in Mcm4 chaos3/chaos3 cells in other backgrounds (Chuang et al. 2010; Kawabata et al. 2011 ). However, we found that B6 Mcm4 chaos3/chaos3 cells also exhibited highly upregulated expression of p21 WAF1/Cip1 (hereafter p21) and its increased chromatin binding (Fig. 3, right) . Chromatin-bound PCNA and Pold levels were also appreciably reduced ([30% loss, see Fig. 3, left) , while a normal level of chromatin-bound CDC45, a cofactor of the MCM2-7 helicase (Ilves et al. 2010; Moyer et al. 2006) , was retained in B6 Mcm4 chaos3/ chaos3 cells. The latter observation suggests that PCNA may dissociate from chromatin after CDC45 loading for the formation of the active helicase. It has been reported that the dissociation of PCNA (and other proteins involved in lagging strand synthesis such as Pold) from chromatin occurs after partial inhibition of DNA replication (Shimura et al. 2008) . We therefore confirmed increased levels of markers for stalled replication forks in B6 Mcm4 chaos3/ chaos3 cells ( Supplementary Fig. 2a ) as previously observed in F1 Mcm4 chaos3/chaos3 cells (Kawabata et al. 2011 ). We also found that B6 Mcm4 chaos3/chaos3 cells consistently exhibit a higher basal level of phosphorylated CHK1 ( Supplementary Fig. 2b ), the downstream effector of the major checkpoint kinase ATR (Zhao and Piwnica-Worms 2001) . This was not the case in the F1 background (Kawabata et al. 2011) . Thus, B6 cells might be hypersensitive to an accumulation of stalled forks, leading to upregulation of p21 and the removal of PCNA from chromatin. Fig. 2 The DNA fiber assay reveals active origin density and fork velocity. a A schematic presentation of DNA fiber measurements. Two kinds of modified nucleotides (digoxigenin-dUTPs and biotin-dUTPs) were sequentially incorporated into newly synthesized DNA during S phase, revealing the direction of fork movement (red to green). Fork velocity was determined by measuring from the start of the red track to the start of the green track. To estimate the density of active origins, the distances between adjacent origins (ori-to-ori) were measured. A merged image of digoxigenin-and biotin-labeled DNA is shown at the bottom. b Genetic background has a strong effect on active origin density and fork velocity. Unlike C3H and F1 Mcm4 chaos3/chaos3 cells (C3/C3), B6 Mcm4 chaos3/chaos3 cells have a significantly longer average interorigin distance than wild-type (WT) cells (left). Forks are also faster in Mcm4 chaos3/chaos3 cells regardless of genetic background (right). These data were obtained from three independent experiments using MEFs from different embryos. Bars represent standard errors. Note that the F1 data have been previously published (Kawabata et al. 2011) but are shown here for a better comparison, with permission from Elsevier (License number 2665400529110) chaos3/chaos3 cells, the MCM3/5/6 proteins were also reduced in both the chromatin fraction and the total cell lysate (right). Note that upregulation of p21 also occurs in Mcm4 chaos3/chaos3 cells. Actin was used as a loading control. Samples were harvested at day 2 (Fig. 1d) chaos3/chaos3 pups are fully viable and normal in size in these backgrounds (data not shown). Despite a similarly reduced amount of MCM7 in both total cell lysates and chromatin fractions (Fig. 4a ), C3H and F1 Mcm4 chaos3/chaos3 cells proliferated normally in vitro (Fig. 4b) and retained wild-type levels of chromatin-bound PCNA levels (Fig. 4a, right) . As B6 wild-type cells have an apparently lower amount of MCM7 in both total cell lysates and chromatin fractions compared to other backgrounds (Fig. 4a) , we tested whether this is reproducibly observed. Indeed, we confirmed that B6 wild-type cells display lower levels of not only MCM7 but also MCM2 and MCM4 compared to F1 and C3H wild-type cells (Supplementary Fig. 3a ). This suggests that B6 MEFs have a relatively lower level of licensed origins. Moderate p21 upregulation was also seen in F1 and C3H Mcm4 chaos3/ chaos3 cells (Fig. 4c) . Interestingly, however, we found that B6 wild-type cells express p21 at an intrinsically lower level compared to C3H and F1 wild-type cells (Figs. 4c and Supplementary Fig. 3b ). Given this lower basal level of p21 expression, it appears that p21 upregulation occurs most drastically in the B6 background upon a reduction in the number of licensed origins. Because B6 cells have a relatively lower amount of MCM proteins ( Supplementary  Fig. 3a) , we then tested the possibility that further reduction of MCMs by Mcm4 chaos3 homozygosity might activate the licensing checkpoint, leading to p21 upregulation. The licensing checkpoint is typically triggered by severe levels ([90%) of MCM depletion (Shreeram et al. 2002) , and its activation is associated with the co-upregulation of p21 and p27 (Machida et al. 2005 ). This in turn inhibits CDK2, thereby blocking the S-phase entry of cells with an extremely low number of licensed origins. However, p27 was not upregulated in B6 Mcm4 chaos3/chaos3 cells (Supplementary Fig. 3b ). B6 Mcm4 chaos3/chaos3 cells also did not show an accumulation of G1-phase cells, and their cell cycle profiles were very similar to those reported for other genetic backgrounds (Supplementary Fig. 3c ). These data collectively suggest that p21 upregulation occurs independently from the licensing checkpoint.
Transcriptional upregulation of p21, a result of p53 activation, is elevated in B6 Mcm4 chaos3/chaos3 MEFs p53 plays a major role in the transcriptional regulation of p21 (Bunz et al. 1998 ) and is constitutively activated in Mcm4 chaos3/chaos3 cells in all backgrounds through its phosphorylation at serine 15 ( Fig. 4c and Supplementary  Fig. 3b ) (Shieh et al. 1997 MEFs (Jacks et al. 1994) . In Trp53 -/-;Mcm4 chaos3/chaos3 cells, p21 was barely detectable (Fig. 5a) , and chromatin-bound PCNA was restored to a wild-type level (Fig. 5b) . Moreover, inactivation of p53 improved the rate of proliferation of B6 Mcm4 chaos3/chaos3 cells (Fig. 5c ) by increasing the number of S-phase cells from 19.0 to 33.5% ( Supplementary Fig. 3c and Fig. 5d ). Therefore, we conclude that activation of the p53/p21 axis is a major cause of the decreased rate of proliferation of B6 Mcm4 chaos3/chaos3 cells. (Fig. 5b) . However, this could simply be a result of a drastically increased rate of cell proliferation caused by p53 inactivation (Fig. 5c, d) . Therefore, we analyzed MCM2 levels per cell by immunocytostaining, which revealed significantly increased levels of chromatin-bound MCM2 in both wild-type and B6 Mcm4 chaos3/chaos3 cells lacking p53 (Fig. 5e, left) . These data are consistent with a previous finding that the p53/p21 axis negatively regulates the transcription of the Mcm genes (Scian et al. 2008) . It should be noted that the highest level of MCM2 staining was observed in non-S-phase cells, most likely those in G1 phase (see the lack of dUTP incorporation in Fig. 5e, right) . After S-phase entry, MCM2 staining appears to drop immediately, as cells with higher levels of dUTP incorporation have very little MCM2 staining (Fig. 5e, right) . Furthermore, we found that loss of p53 resulted in (1) an increase in the phosphorylated form of RAD17, a checkpoint protein (Bao et al. 2001) (Fig. 5a) ; (2) upregulation of RAD51 recombinase (Fig. 5f) ; and (3) an increase in phosphorylated histone H2AX (cH2AX), a marker of DNA damage such as DNA double-strand breaks (Rogakou et al. 1998) (Fig. 5f) , suggesting an increase in homologous recombination events possibly due to replication fork collapse. These data are consistent with p53's role in genome stability in response to replication stress (Gatz and Wiesmuller 2006; Kumari et al. 2004) . Mcm4 and Trp53 genetically interact in a complex manner during development and tumorigenesis Since Trp53 nullizygosity improved the proliferation of B6 Mcm4 chaos3/chaos3 MEFs (Fig. 5c) , we next asked whether the newborn lethality found in B6 Mcm4 chaos3/chaos3 mice could also be rescued by Trp53 nullizygosity. We intercrossed B6 Trp53
?/-;Mcm4 chaos3/chaos3 mice to generate Trp53 -/-;Mcm4 chaos3/chaos3 mice. Surprisingly, we recovered only 2 Trp53 -/-;Mcm4 chaos3/chaos3 mice out of a total of 49 mice at weaning age. This is significantly lower than the expected number of 12.25 (P = 0.0026), suggesting that loss of p53 actually promoted the newborn lethality of B6 Mcm4 chaos3/chaos3 mice. This indicates that Trp53 -;Mcm4 chaos3 double homozygosity supports cell proliferation in vitro but not necessarily normal development. After an extended period of breeding, we were able to generate a total of five Trp53 -/-;Mcm4 chaos3/chaos3 mice. They all died with thymic lymphomas between 14 and 19 weeks of age, significantly faster (P \ 0.03) than the 21.7-week latency for thymic lymphomas for Trp53 -/-mice in our colony (Fig. 6a) ?/-mice reportedly develop osteosarcomas by 17 months of age (Jacks et al. 1994) . Consistent with this observation, only 3 of 12 Trp53
?/-mice had osteosarcomas by 16 months of age. In contrast, all Trp53
?/-;Mcm4 chaos3/chaos3 mice succumbed to tumors with a mean latency of 8.3 months (Fig. 6b) . We found that a loss of the wild-type Trp53 allele occurred in a few such tumors ( Supplementary Fig. 4 ). Osteosarcomas were the most prominent tumor type (Fig. 6c) , while one histiocytic sarcoma and one lymphoma, which were typically seen in B6 Mcm4 chaos3/chaos3 mice, were also observed (Kawabata et al. 2011) . These data suggest that Trp53 dictates the tumor spectrum in Trp53;Mcm4 chaos3 double mutants. Finally, we tested the role of p21 in Mcm4 chaos3 tumorigenesis. The average tumor-free survival of p21 -/-;Mcm4 chaos3/chaos3 mice was 12.7 months (Fig. 6d) , very similar to what has been seen in Mcm4 chaos3/chaos3 mice in different backgrounds (Kawabata et al. 2011; Shima et al. 2007 ). Therefore, it seems unlikely that p21 upregulation contributes to tumor suppression in Mcm4 chaos3/chaos3 mice.
Discussion
In this study we investigated the mechanisms underlying the reduced viability of B6 Mcm4 chaos3/chaos3 mice. As this reduced viability is associated with a decreased rate of cell proliferation in B6 Mcm4 chaos3/chaos3 embryos (Fig. 1) , we focused on the molecular mechanisms involving DNA replication. DNA fiber data show that the basic kinetics of DNA replication, such as active origin density and fork velocity, are considerably different in wild-type MEFs among the three genetic backgrounds we tested, revealing that B6 MEFs possess the lowest density of active origins. Moreover, Mcm4 chaos3 homozygosity results in a further reduction of the density of active origins in this genetic background (Fig. 2b) . Notably, this was the first observation that a reduction in the number of licensed origins significantly reduces the density of active origins. Therefore, we went on to investigate what leads to this phenomenon. We found that B6 Mcm4 chaos3/chaos3 cells have reduced levels of chromatin-bound PCNA and pold (Fig. 3 , left) and upregulation of p21 (Fig. 3, right) . The interaction between p21 and PCNA is well established and is known to inhibit the loading of replicative polymerases such as pold (Cazzalini et al. 2003; Oku et al. 1998; Waga et al. 1994 ). Therefore, the lower level of chromatin-bound pold in B6 Mcm4 chaos3/chaos3 cells can be explained by this p21-PCNA interaction. However, p21 does not inhibit the loading of PCNA onto chromatin (Cazzalini et al. 2003; Waga et al. 1994) . Thus, there must be an additional mechanism responsible for the removal of PCNA from chromatin. Previous studies reported that replication inhibitions trigger the dispersal of PCNA from replication factories (Rossi et al. 2006; Shimura et al. 2008; Stokes and Michael 2003) . In agreement with these findings, B6 Mcm4 chaos3/chaos3 cells consistently exhibit a higher basal level of pCHK1 compared to wild-type cells (Supplementary Fig. 2b) , indicative of inherently increased levels of replication stress. Compared to other genetic backgrounds, B6 cells have a relatively lower number of licensed origins (Supplementary Fig. 3a ) and thus may be more sensitive to an increased level of stalled forks upon a further reduction of licensed origins due to Mcm4 chaos3 homozygosity. In sum, we propose that the dispersal of PCNA from chromatin in B6 Mcm4 chaos3/chaos3 cells occurs mainly as a response to intrinsic replication stress, contributing to the reduced rate of cell proliferation in B6 Mcm4 chaos3/chaos3 embryos. However, we do not entirely exclude the possibility that other factors also contribute to this unique phenomenon.
An alternative explanation for the reduced rate of cell proliferation in B6 Mcm4 chaos3/chaos3 embryos would be an increased level of licensing checkpoint activation. However, we do not think this is likely, as the licensing checkpoint is typically induced following a high level ([90%) of licensing factor depletion (Liu et al. 2009; Machida et al. 2005; Nevis et al. 2009; Shreeram et al. 2002) . Therefore, we do not think that the reduction level of MCM proteins (*60% compared to wild-type) in B6 Mcm4 chaos3/chaos3 cells is sufficient to activate this checkpoint (see Fig. 3 ). Furthermore, it has been proposed that this checkpoint blocks the S-phase entry of cells with an extremely low number of licensed origins, as these cells would most likely experience severe genome instability during DNA replication (Ge and Blow 2009 ). B6 Mcm4 chaos3/chaos3 cells, however, exhibit no signs of G1 accumulation or a drastic decrease in S-phase cells (Supplementary Fig. 3c ). Their cell cycle profiles are similar to those reported for other genetic backgrounds (Chuang et al. 2010; Shima et al. 2007) . In this context, the reduced level of chromatin-bound PCNA specifically seen in B6 Mcm4 chaos3/chaos3 cells cannot be explained by the activation of the licensing checkpoint. Finally, B6 Mcm4 chaos3/ chaos3 cells are proficient in the ATR-CHK1 pathway ( Supplementary Fig. 2b ), which is activated mainly in response to the presence of stalled forks during S phase (Cimprich and Cortez 2008) .
It is known that p53 is activated upon replication stress (Gottifredi et al. 2001; Marusyk et al. 2007; Nayak and Das 2002) . Although there has been much controversy as to whether p53 transactivates p21 upon replication stress, it apparently depends on cell type (Gottifredi et al. 2001; Nayak and Das 2002) . In our study, transactivation of p21 by p53 occurred profoundly in B6 Mcm4 chaos3/chaos3 MEFs. Our results show that this is responsible for the slower rate of proliferation and the lower level of chromatin-bound PCNA observed in B6 Mcm4 chaos3/chaos3 cells (Fig. 5b, c) . In fact, loss of the p53/p21 axis not only corrected these unique phenotypes but also drastically increased the expression levels of the MCM proteins as well as their chromatin binding in B6 Mcm4 chaos3/chaos3 cells. The latter observation suggests the possibility that the activation of the p53/p21 axis, which is also observed in Mcm4 chaos3/ chaos3 cells in other backgrounds to some extent, may also cause repression of Mcm gene expression, thereby contributing to lower MCM protein levels. Supporting this idea, it has been reported that transcript levels of Mcm genes are 30-50% lower in Mcm4 chaos3/chaos3 cells than in wild-type cells (Chuang et al. 2010) .
It turns out that p53 activation in B6 Mcm4
cells is crucial for both development and tumor suppression. Generally, a loss of p53 supports or extends the survival of embryos mutant for an essential DNA repair gene, which otherwise die earlier in development due to increased apoptosis (Lim and Hasty 1996; Shu et al. 1999; Xu et al. 2001 ). However, the interaction between Mcm4 and Trp53 appears to be much more complex. While loss of p53 improved the proliferation of B6 Mcm4
MEFs in vitro, it also promoted the lethality of B6 Mcm4 chaos3/chaos3 mice. Notably, the same observation has been made for Mcm2 and Trp53 in a recent study (Kunnev et al. 2010) . Together, it can be interpreted that the concomitant impairment of the MCM2-7 complex and p53 is largely incompatible with normal development. A major cause for this impaired development is an enhanced level of genome instability due to loss of p53 (see Fig. 5a, f) , which, however, promotes spontaneous tumorigenesis in rare surviving double mutants (Fig. 6) (Kunnev et al. 2010) . Importantly, this synthetic lethality and collaboration in tumorigenesis for the Trp53 and Mcm genes does not appear to be strain-specific, as this was observed in a mixed background (Kunnev et al. 2010) . In contrast, we did not observe an acceleration of spontaneous tumorigenesis in p21 -/-;Mcm4 chaos3/chaos3 mice (Fig. 6d) . Therefore, whatever p21's role in Mcm4 chaos3/chaos3 cells is, it is unlikely to have a strong effect on the suppression of Mcm4 chaos3 tumors. Recent studies showed that Atr, an essential gene for checkpoint activation in response to replication stress, also exhibits synthetic lethality with Trp53 in mice (Murga et al. 2009; Ruzankina et al. 2009 ). Because of the established role of ATR in stabilizing replication forks, Atrdeficient cells suffer from intrinsic replication stress. Under such conditions, p53's role in genome stability would become more critical to sustain animal viability. As surviving double mutants for Atr and Trp53 exhibit premature aging but are not tumor-prone, it appears that Atr is required for tumor formation even in the absence of p53 (Murga et al. 2009) . We have previously shown that Mcm4 chaos3/chaos3 cells suffer from intrinsic replication stress due to the accumulation of stalled replication forks (Kawabata et al. 2011) . In this context, Mcm4 chaos3/chaos3 embryos require functional p53 to support animal development. However, having an intact ATR pathway, surviving Trp53 -/-;Mcm4 chaos3/chaos3 mice exhibit accelerated tumorigenesis as a result of enhanced genome instability.
Microphthalmia occurs relatively frequently in the B6 strain (Kalter 1968) , but B6 Mcm4 chaos3/chaos3 mice exhibit this condition at an even higher rate. Interestingly, the same microphthalmia phenotype was also observed in Fanconi anemia mouse models for Fanca, Fancc, and Fancd2 when maintained in a B6 background (Carreau 2004; Houghtaling et al. 2003; Wong et al. 2003) . Given the role of the Fanconi anemia proteins in replication fork stability (Gari et al. 2008; Howlett et al. 2005; Wang et al. 2008 ), B6 cells might be intrinsically hypersensitive to replication stress. The interstrain difference in DNA replication kinetics found in this study supports this idea. Among the three genetic backgrounds investigated in this study and our previous study (Kawabata et al. 2011) , B6 cells had the lowest density of active origins (Fig. 2b) . Comparing average ori-to-ori distances, F1 cells had much higher densities of active origins (49.1 ± 2.6 kb; see also Kawabata et al. 2011 ) than either parental inbred strains (B6 and C3H wild-type cells, 112 ± 5.0 kb and 95.0 ± 5.0 kb, respectively). As F1 Mcm4 chaos3/chaos3 mice are fully viable, this higher density of active origins could be a factor in supporting viability. The density of active origins in cells in another mixed background (1299 Balb/c) (Kunnev et al. 2010 ) is also very similar to what was seen in our F1 cells in Fig. 2 (see also Kawabata et al. 2011) . These observations suggest that a function of hybrid vigor may be to increase active origin density.
A positive correlation between replicon size and fork velocity has already been reported (Conti et al. 2007; Courbet et al. 2008) . Larger replicons are typically replicated by faster forks, while slower forks are often found in smaller replicons. Consistent with these observations, we also found an inverse relationship between active origin density and fork velocity in the three genetic backgrounds we analyzed. Reflecting a relatively lower density of active origins, the average fork velocity was significantly faster in wild-type B6 cells (1.7 ± 0.05 kb/min) than in wild-type C3H (0.84 ± 0.02 kb/min) or F1 cells (0.61 ± 0.01 kb/ min; from Kawabata et al. 2011) . A recent study demonstrated that fork velocity determines replicon size by modulating chromatin loop length (Courbet et al. 2008) . For example, when fork velocity is slow, inefficient (dormant) origins fire more frequently, causing chromatin looping to become smaller in the following G1 phase (Courbet et al. 2008) . Our findings suggest the intriguing possibility that fork velocity could be genetically regulated, thereby determining chromatin looping and thus origin density.
